From June-September, the summer monsoon current (SMC) flows eastward south of Sri Lanka and bends northeastward to form a swift jet that enters the Bay of Bengal (BoB). This part of SMC serves as the major component of the water exchange between the Arabian Sea and the BoB, maintaining the salt and freshwater of the North Indian Ocean. The processes that determine the evolution, intensification, and meandering of the SMC involve both local and remote forcing by winds. Interactions of the SMC with westward-propagating Rossby waves and eddies are only partly understood. In this study, we investigate these processes using an Indian Ocean general circulation model (MOM4p1) that is capable of simulating the SMC realistically. Because eddies and meanders are smoothed out in the climatology, our analyses focus on a single year of 2009, a period when a strong anticyclonic bend in the SMC was observed. An eddy-kinetic-energy budget analysis shows the region to be a zone of significant eddy activity, where both barotropic and baroclinic instabilities are active. Based on the analysis, we classify the evolution of SMC into stages of onset, intensification, anticyclonic bend, anticyclonic vortex formation, meandering, and termination. In addition, analysis of eddy-potential-vorticity flux and eddy-enstrophy decay reveal when, where, and how the eddies tend to drive the mean flow. Rossby waves and westward-propagating eddies arriving from the east energize the SMC in June and accelerate the mean flow through an up-gradient eddy-potential-vorticity flux. At the same time, local winds also strengthen the flow, by increasing its mean near-surface kinetic energy and raising isopycnals, the latter building up available potential energy (APE). The baroclinic instability that takes place in late July and early August releases APE, thereby generating the SMC meanders.
Introduction
The seasonally reversing upper-ocean monsoon circulation plays a crucial role in redistributing the water properties in the North Indian Ocean and thereby governing its hydrography. The coastal boundary currents-the East Indian Coastal Current, the West Indian Coastal Current, the Somali Current, along with the trans-basin Indian Ocean monsoon currents-form an integral part of the North Indian Ocean circulation (Schott and McCreary 2001; Shankar et al. 2002) .The monsoon currents play an important role in transferring water masses between the Arabian Sea (AS) and the Bay of Bengal (BoB) and thereby maintaining the salinity of the two basins (Murty et al. 1992; Vinayachandran et al. 1999 Vinayachandran et al. , 2013 Jensen 2001 Jensen , 2003 Jensen et al. 2016) . During its mature phase, monsoon currents are traced as a continuous trans-basin current flowing eastward from western AS to BoB during summer and flowing westward from eastern BoB to western AS during winter. They are called as Summer Monsoon Current (SMC) and Winter Monsoon Current respectively (WMC) (Shankar et al. 2002) . The transport of high-salinity water from the AS to the BoB by the SMC takes place around Sri Lanka during the peak summer monsoon (Jensen 2001; Vinayachandran et al. 1999 Vinayachandran et al. , 2013 Jain et al. 2017) . The intricate pattern of local atmospheric conditions and the ocean dynamics off the coasts of Sri Lanka can possibly affect the SMC and its salt transport into the BoB Webber et al. 2018) . Therefore, it is important to understand the dynamics associated with the spatio-temporal variations of the SMC around Sri Lanka, which forms the primary objective of this study.
By compiling data obtained from satellite-tracked drifting buoys, Molinari et al. (1990) reported eastward SMC during the summer near 10 • N in the western and central Indian Ocean. Hastenrath and Greischar (1991) concluded that the SMC is primarily driven by wind. The first currentmeter measurements in the region, south of Sri Lanka, revealed the SMC to be shallow and confined to the upper 100 m (Schott et al. 1994) . Using satellite-tracked drifting buoys, Shenoi et al. (1999) reported that the SMC branched around 87 • E, with one branch entering the BoB and the other continuing eastward. Numerical solutions of their reduced-gravity model showed that remote forcing by the winds along the east coasts of India and Sri Lanka leads to the continuity of the SMC south of Sri Lanka. After crossing the southern tip of Sri Lanka, the SMC flows around the perimeter of a distinct region of shallow thermocline, the Sri Lanka dome (SLD; Vinayachandran and Yamagata (1998) ). Based on a combination of remote sensing and in situ observational data, Lee et al. (2016) ) identified that the Arabian Sea high-salinity water prefers following the circulation around SLD to enter BoB.
Climatological maps of the circulation from the Realtime Ocean Surface Current Analysis (OSCAR) show the life cycle of SMC. It intensifies during May, attains speeds higher than the currents in the other parts of the IO, and makes a northeastward turn into the BoB (Fig. 1 , Vinayachandran et al. (1999) ). It is accompanied with a cyclonic circulation to its west and an anticyclonic circulation to its east, during peak summer (Fig. 1 , July-August). These recirculation cells are observed every year, albeit with some variations in location and timing. Significant eddy activity was also reported in the region during the summer monsoon, based on both drifting-buoy data (Shenoi et al. 1999) and 17 years of altimetry data (Chen et al. 2012) . A number of modelling studies have investigated dynamics around the SMC. McCreary et al. (1993) and Vinayachandran and Yamagata (1998) showed that the northward turning of the SMC is influenced (enhanced) by the arrival of a Rossby wave associated with northward flow from the eastern boundary. Vinayachandran and Yamagata (1998) noted that both Ekman pumping and Rossby wave arrival determined the life cycle of SLD. A large anticyclonic vortex exists south of Sri Lanka along with an anticyclonic eddy east of SLD; the anticyclonic vortex was formed as a result of barotropic instability. Further, it was found that the arrival of a second Rossby wave signal (associated with southwestward flow) terminated the northward turning. Recently, a study by Cheng et al. (2017) on the intraseasonal-tosemiannual variability of sea surface height (SSH) in the southern BoB showed strong 30-60-day variability east of Sri Lanka. This variability was primarily caused by nonlinear Rossby waves from the east. Further, they showed that the variability at periods greater than 60 days non-linearly transferred energy to the 30-60-day band.
In this paper, we continue the effort to understand SMC dynamics. We seek to understand the processes that are involved in the interaction between the SMC and eddies, and in causing unusually high SMC speed, the meandering of the current, and the ultimate termination of SMC in the southeastern BoB. The relative importance of winds and westward propagating eddies in modulating the mean flow in its various stages is also investigated. Toward these goals, we analyze a solution to an OGCM which reproduces the features for circulation reasonably well Vinayachandran and Kurian 2007; Das et al. 2015) . Eddy-kinetic-energy budget and transformed Eulerian mean framework are used to identify regions of eddy-mean flow interaction. To quantify the impact of local winds, mean wind power integrated over the region of interest is compared with volume integrated mean kinetic energy of SMC. The two quantities are related to each other by the mean kinetic energy equation (Section 3). The geostrophic wind power, which is utilised in raising the isopycnals, is also integrated over the study region and compared with the integrated available potential energy (APE).
The mean current circulation obtained from OSCAR in summer (June-September) for the years [2004] [2005] [2006] [2007] [2008] [2009] (Fig. 2) shows the expected north eastward bending of SMC as discussed in Vinayachandran and Yamagata (1998) . In addition, the SMC is observed to meander and feed into the southeastern BoB in each of the 6 years. The climatological map fails to show the meandering of the current. Therefore, we choose a single year, 2009, for our analyses. This choice is primarily motivated by the study of Vinayachandran et al. (2013) , which showed a sharp anticyclonic bend of the current during that year.
Our study divides the evolution of SMC during JuneSeptember into six stages-onset, intensification, anticyclonic bending, anticyclonic vortices, meandering, and termination. Energy exchanges between background flow and the eddies during these stages are examined. Among these six stages, of particular interest are the stages of intensification, anticyclonic bending, and meandering of SMC. Our work, with the help of energy budget and transformed Eulerian mean (TEM) approach, shows that the effect of eddies in intensifying the SMC is localized to a small region. We find that the strengthening of local winds was primarily responsible for intensification of SMC. The anticyclonic turning of the SMC in early July occurred in response to the local winds as well. Further, the meandering of the SMC was as a result of baroclinic instability (conversion of APE to eddy kinetic energy) which was caused due to fluctuating wind power.
The paper is organized as follows. In Section 2, we provide model overview and compare model output with observations. Section 3 is based on eddy kinetic-energybudget analysis. In Section 4, we present the evolution of SMC and discuss its five stages with the help of energetics and TEM approach. Also, investigate the role of the local winds in these stages. In Section 5, a summary of our findings is provided.
The model
The OGCM used in our study is the Modular Ocean Model (MOM), a numerical ocean model based on hydrostatic primitive equations. The model configuration, forcings as well as boundary conditions used in this study are the same as in Das et al. (2015) . So, only a brief overview is given here. The model domain is the tropical IO, extending from 30 • S to 30 • N and from 30-120 • E. Its horizontal resolution is 0.25 • in both latitude and longitude. It has variable resolutions in the vertical with 58 levels, 44 of which are in the top 200 m, and 1-m resolution is used in the top 18 m. Bottom topography is based on modified ETOPO5 bathymetry (Sindhu et al. 2007) . Continental boundaries within the domain are treated as solid walls, and sponge layers are applied on the open ocean along the southern and eastern boundaries of the model . Vertical mixing is the K-profile parameterization (KPP) scheme (Large et al. 1994) , and horizontal mixing scheme follows (Chassignet and Garraffo 2001) . Vertical diffusivity and viscosity are based on dissipation mechanisms associated with internal wave breaking (Simmons et al. 2004 ) and bottom drag experienced by barotropic tides (Lee et al. 2006) , respectively. The model equation of state is the same as that in Jackett et al. (2006) . The model is spun up for 10 years using climatological forcing, which is then switched to daily varying interannual forcing (see Vinayachandran et al. (2012) for details).
Figure 3 compares observed and modelled surface currents during June, July, and August of 2009. Largescale features of the circulation are well simulated, except that the model underestimates the current speed. Smallscale features, such as anticyclonic eddies during July and August, are more prominent in the observations. For example, during July and August the OSCAR product shows a continuous meandering of SMC, whereas an anticyclonic vortex is found together with the SMC as it entered the BoB, in the model. During August, two vortices were present to the right of the SMC in the model. The northern vortex in the model did not exist in the observation. On the whole, the performance of the model in reproducing the structure of the SMC and its seasonal evolution is quite satisfactory.
Eddy activity

Mean and eddy kinetic energy
To investigate the eddy-mean flow interactions that impacts the SMC, we divide all the field variables of interest into a background (mean) and eddy component. We have taken 120-day low-pass filtered state as the mean component and 120-day high-pass filtered state as the eddy component (see Appendix A). The kinetic energy is also split into mean kinetic energy (MKE) and eddy kinetic energy (EKE). Following Masina et al. (1999) notation, MKE is defined by and determined by the prognostic equation
A : MKE tendency B : Advection of MKE C : Pressure divergence flux D : Eddy momentum flux convergence E : Conversion mean potential energy (MPE) to MKE F : Dissipation G : MKE change due to external forcing Similarly, EKE is defined by
and determined by the prognostic equation Figure 5 shows the time series of volume-integrated MKE and EKE between 82-86 • E and 5-8 • N in the top 100 m.
Time series
The MKE is about four times larger in magnitude than the EKE (Fig. 5a ). This difference shows eddies only had a secondary contribution in driving the mean flow, which implies that the mean flow was largely wind driven when integrated over a large domain. However, the effect of eddies in driving the mean flow became more significant when integrated over a smaller domain (84-85 • E and 5-7 • N) as the peak MKE was twice the peak EKE now (Fig. 5b) . Thus, fractional transfer from EKE to MKE is unlikely to bring in significant changes in SMC speed throughout the domain, but the effects at smaller scales are prominent as will be discussed later (Section 4.2.1).
Instabilities
Instabilities are associated with energy conversions. Barotropic instability converts MKE to EKE, and is represented by term D in Eq. 4, which when expanded has the form
Since the terms in Eq. 5 are of the same magnitude, all are retained in our analyses. Baroclinic instability converts APE into EKE. It is represented by the term E (−gρ w ) in Eq. 4. For both instabilities, positive value of each terms implies energy conversion from the background state to eddies. 
Horizontal and vertical structures
Intraseasonal Rossby waves and eddies
Figure 7 (top panel) is a Hovmöller diagram of highpass-filtered meridional velocity. Westward-propagating signals with speeds of about 15.5 cm/s started at 90 • E and propagated across the basin. In particular, a signal associated with northward flow was at 90 • E in May and reached 84 • E by mid-June. It was followed by a signal with southward flow that arrived near 84 • E about mid-July. Note that the propagation speed of the latter signal decelerated toward the west (the band tilted more sharply), likely due to interaction with the SMC.
Dispersion diagram from high-pass-filtered meridional velocity component (Fig. 7) shows a probable Rossby wave structure with a 40-50-day signal corresponding closely to baroclinic mode 2. The south and east of Sri Lanka was characterized by the interactions of Rossby waves and other probable eddies with the SMC (Vinayachandran and Yamagata 1998) . Rossby wave phase speed calculated from the dispersion diagram was approximately 17 cm/s, consistent with the Hovmöller diagram.
Evolution of SMC
The background flow (120-day low-pass component in our case) varied greatly during the summer monsoon. Thus, the processes that were significant at different phases of SMC as it evolved are presented in this section. Evolution of SMC is shown along with the dominant processes involved, 9, 10, 11, 12, 13 , and 14. Five-day running average was applied to all the quantities to smoothen rapid fluctuations. Evolution of SMC and the processes associated with upperlayer currents, their high-pass and low-pass components, and analysis of energetics are shown. The low-pass current had a zonal orientation east of Sri Lanka at the onset of summer monsoon in late May. It gradually developed a northeastward turn in mid-June, and was associated with an anticyclonic vortex in July. The current gradually meandered in August and fed into the southeastern BoB. The evolution of SMC viewed from energetics perspective unfolds some important features.
Onset
Onset of summer monsoon in 2009 was in late May (Das et al. 2015) . With the onset, the wind became south-westerly and gained strength. Circulation around Sri Lanka during this time comprised of three different current systems: (1) a zonal flow east of Sri Lanka, (2) a southeastward current south of Sri Lanka, and (3) a downwelling eddy (positive sea level anomalies) centered around 87 • E, 3 • N (Fig. 8a) . With the advent of westward propagating eddy, the southeastward current merged with the zonal current around 5 • N. The current was blocked by the eddy and it fed into the zonal flow east of Sri Lanka. As the anticyclonic eddy was associated with prominent EKE, density surfaces along 85 • E developed a poleward slope with a sharp gradient between 5 • N and 7 • N (Fig. 8b) . The MKE around this time started increasing (Fig. 8c) . However, no notable barotropic or baroclinic energy conversions took place during this time (Fig. 8d, f ).
Intensification
As the eddy moved further westward, the circulation system east of Sri Lanka was characterized by negative barotropic energy conversion (Fig. 9d) . This implies wave-induced accelerations to the developing SMC, that was reflected by the intensification of surface current, were restricted to a particular region (Figs. 9a, 10a) . The current intensified further in June with little mean to eddy energy conversion noticed along 83 • E, as the southward flowing current along the east coast of Sri Lanka merged with the northeastward SMC. The 120-day high-pass filtered eddy pushed the mean flow northward. The eddies thus seemed to impose an acceleration tendency on the SMC (Fig. 10a) .
To understand when these eddies caused the SMC to intensify, we use the TEM approach to modify the momentum and density equations. The advantage of using TEM approach is that it allows the eddy forcing to appear only in the horizontal momentum equation. We also use the quasi-geostrophic (QG) approximation, so that the only eddy forcing in the TEM equation is reduced to eddy potential vorticity (PV) flux (see Appendix B). Insights from eddy enstrophy equation helps identify where the eddies tend to drive the mean flow.
Where did eddies cause this intensification?
Whether the eddies tend to drive the mean flows or lead to loss of momentum in the mean flow depends on the nature of PV fluxes relative to the mean PV gradient. For eddies to drive mean flow, eddy PV flux has to be upwards relative to the mean potential vorticity gradient (Holland and Rhines 1980) , hence also known as upgradient eddy PV flux. This can be understood in terms of the general enstrophy equation (Wilson and Williams 2004) ,
where q is the mean PV, q is the eddy PV, and D represents the dissipation of eddy enstrophy, all other symbols bearing their usual meanings as discussed earlier.
A positive dissipation would lead to eddy enstrophy decay. First term on the left hand side of the equation (6) represents the local rate of change of eddy enstrophy, second term gives the divergence of eddy enstrophy advection, and third term however gives us the eddy enstrophy decay termed here as eddy destruction. ∇ · u q 2 /2 is termed as "enstrophy destruction" as the latter dissipates the eddies by fluxing PV into the mean flow. Negative of ∇ · u q 2 /2 can be thought of as generation of eddies as it leads to local increment in eddy enstrophy in equation (6). For the eddies to drive mean flow, there has to be a decay of eddy enstrophy in the vicinity of eddy mean flow interaction. The second term can be considered as a higher order term in the equation which helps us to identify regions of convergence and divergence of eddy enstrophy flux. Insights from the eddy destruction (Fig. 15b) help to identify regions of upgradient eddy PV flux. Here, the eddies try to drive the mean flow by accelerating the latter. Regions of high velocities in the SMC are found to be associated with upgradient eddy PV flux. Upstream the eddy PV flux is downgradient indicating regions where eddies extract momentum and energy from mean flow. The region is also characterised by positive eddy PV flux downstream and negative upstream (Fig. 15c) . This implies that the eddies extract momentum and energy from the SMC upstream. The same region is also barotropically unstable as found from energy considerations (Fig. 6 ).
When did eddies cause this intensification?
Time series of eddy PV flux, v q provides a more comprehensive view of the eddy mean flow interaction. Regions where the eddies tended to drive SMC are identified (Fig. 15b) and a location has been chosen from the region to identify when the eddies caused an acceleration tendency on the mean flow. The time series of eddy PV flux at 84 • E, 6.5 • N and at 50-m depth indicates a sharp positive peak in mid-June (Fig. 15d ). This coincided with the arrival of the Rossby waves and westward propagating eddies in the region. Thus, the eddies, because of positive values of v q (see Appendix B, C), could be expected to provide an acceleration tendency to the mean flow as they arrived and interacted with the latter in mid-June. Throughout July, the eddy PV flux remained relatively low at the location. Positive eddy PV flux was observed in late August and early September, but by this time, the SMC already started to weaken and disappear.
Local winds
However, the local winds also became very strong over the region during this time, and thus could influence the MKE significantly (Fig. 9c) . The MKE of the ocean current is related to the mean wind power in equation (2) as
where τ is the wind stress. Figure 18 a and b show the variation of mean wind power input along with MKE, integrated over the top 40 m within the surface mixed layer. Both quantities are integrated over 82-86 • E, 5-8 • N. The MKE increased with the increase in total mean wind power in June, peaked in late June following the variation of mean wind power, and started to decline from mid-July. Thus, the wind can be considered as the predominant driving agent in intensifying mean SMC flow.
Anticyclonic bend
At the beginning of July, part of the SMC started to take an anticyclonic turn near 85 • E, while the other part continued to flow northeastward (Fig. 11a, c) . The MKE was high in the region during this time (Fig. 11c) , while the EKE was significantly low (Fig. 11e ). Barotropic energy conversion was also very small (Fig. 11d) . However, some baroclinic energy conversions took place north of the SMC, where it took cyclonic turn (Fig. 11f) . Density surfaces within 40-100 m along 85 • E were suppressed between 5 • N and 7 • N, with a poleward gradient, which resulted in the generation of APE. In mid-July, the anticyclonic turn of the SMC became more prominent associated with high MKE but low EKE. Barotropic energy conversion was very low in the region, while positive baroclinic energy conversion existed along the SMC. Negative baroclinic energy conversion implying an increase in eddy available potential energy can be found on both sides of the SMC. But, this does not adequately explain the bending of the SMC. The anticyclonic turning of the low-pass current could also be due to the local winds in the region. The ageostrophic component of the current supported this possibility (Fig. 16) . The ageostrophic currents were larger and modulated the background flow in the absence of prominent eddies in the region during the time. The baroclinic energy conversion observed could be due to the variation in wind energy input, leading to the fluctuation of the density surfaces (to be discussed next).
Anticyclonic vortices
In late July (Fig. 12a) , an anticyclonic vortex was fully developed and centered around 84 • E. In addition to the anticyclonic turning of the low-pass background current, an anticyclonic eddy associated with strong EKE appeared in this region. Both barotropic and baroclinic energy conversions were responsible for the generation of these eddies. The SMC at 83 • E, 6 • N became barotropically unstable, leading to the conversion MKE to EKE (Fig. 12d) . Baroclinic instability also appeared around 7 • N associated with flattened isopycnals that weakened the flow and could cause the current to meander (Fig. 12f ). Significant baroclinic energy conversion appeared all along the outer periphery of the anticyclonic vortex. In mid-July, at around 89 • E, 8 • N, the SMC encountered another anticyclonic eddy, which remained non-interacting in terms of energy exchanges. Later in late July, due to the gradual meandering (Fig. 12a) . This eddy was termed as an Intermediate Geostrophic (IG) eddy (Vinayachandran and Yamagata 1998) .
Meandering
Horizontal shear of the SMC was reduced as a result of barotropic instability. Further, in early August (Fig. 13b) , the sloping density surfaces flattened, releasing a large amount of APE. Baroclinic instability associated with this flattened density gradients and meridional buoyancy flux was the dominant mechanism leading to the growth of disturbances (Fig. 13f) . The combined effect of barotropic and baroclinic instabilities weakened the SMC which now meandered because of baroclinic instability (Ikeda 1981) . One possible reason behind the release of APE in late July and August could be the gradual weakening of local wind power.
Local wind power
The wind power is calculated by
where τ · u g is the geostrophic wind power while τ · u ag is the ageostrophic wind power. The geostrophic wind work is utilized in vertically displacing the isopycnals thereby influencing APE (Brown and Fedorov 2010) via Ekman pumping, upwelling and downwelling. On the other hand, the ageostrophic wind work is required to maintain the Ekman spiral (Huang 2010) . Figure 17 shows time mean (June-September) maps of total wind power (combining geostrophic and ageostrophic), baroclinic energy conversions, MKE and EKE, vertically integrated over 100m depth. The wind power, MKE and EKE together with baroclinic energy conversions are also found to be significantly high over this region.
Available potential energy
APE can be defined as difference between total potential energy and minimum total potential energy which could result from any adiabatic redistribution of mass. It can be regarded as a deviation from the resting (minimum energy configuration) stable stratification state. To estimate local APE, we calculate it in Joules as Oort et al. (1989) 
APE has been integrated over 82-86 • E, 5-8 • N and from the surface to 100 m. Figure 18c and d shows the relationship between wind power and volume integrated APE. The APE corresponded well with the variation in Fig. 16 Snapshots of current vectors overlaid on current speed (shaded, cm sec −1 ) for 5th of July 2009 (left panels) and 16th of July 2009 (right panels). First row shows the model currents, second row represents the 120-day low-pass filtered currents, third row shows the 120-day high-pass filtered currents and the fourth row represents the ageostrophic currents. Currents are averaged over top 30 m. Scale vector (70 cm sec −1 ) is shown at the top wind power. Only in the month of June, the APE remained unchanged for some time in spite of increasing wind power. The arrival of downwelling Rossby waves associated with suppressed thermocline could negate the influence of wind power. In late-June, APE again started to respond to change in wind power. During this time, the local wind power probably overwhelmed the effects of westward propagating eddies. Significant amount of APE reduction started from mid-July and continued till August, which was associated with the possibility of major baroclinic instability taking place at the depth.
Westward propagating eddies
Before this stage, the westward propagating eddy at 8 • N that did not interact with the SMC (Fig. 12d, f) , (Fig. 13d, f) . One possible reason could be the weakening of the SMC as a result of baroclinic instability, which now reached the critical level (a level where exchange of energy takes place between mean flow and wave). The interaction of this eddy with the SMC lead to barotropic energy conversions at 85 • E, 6 • N (Fig. 13d) . This rendered the current barotropically unstable and merely amplified the recirculation at 8 • N, and the current was thus found to meander and feed into the southeastern BoB (Fig. 13a ).
Termination
In late August and September, the continuous SMC disappeared (Fig. 14a) . The anticyclonic eddy near 8 • N pushed against the weakened SMC and moved it westward. The entire meandering pattern shifted slightly to the west and by mid-September (Fig. 14a) , the system disappeared.
Summary and conclusions
The SMC around Sri Lanka plays a crucial role in the interaction of the water masses between the two basins on either side of India, namely, the Arabian Sea and Bay of Bengal. Past studies showed that the SMC is highly energetic and eddy activity is intense in this region (Vinayachandran and Yamagata 1998; Shenoi et al. 1999; Chen et al. 2012) . The prime objective of our analysis was to understand the evolution, including the intensification and meandering of the SMC, using an OGCM (MOM4p1). We made several new contributions toward understanding the evolution of SMC around Sri Lanka, which involve eddy-mean flow interactions and effect of local versus remote forcing on the dynamics in the region. Analysis of eddy potential vorticity flux, eddy enstrophy, eddy energy budgets was carried out which shed new insights on how the eddies drove the mean flow and vice versa. The study also provided better understanding of the influence of stratification in terms of driving the mean flow and isolating the role of winds in affecting the circulation. The evolution of SMC was classified into six stages, namely, onset, intensification, anticyclonic bend, anticyclonic vortices, meandering, and termination. Barotropic and baroclinic energy conversions were the dominant mechanisms to modulate the background flow of the SMC.
The arrival of Rossby waves and westward propagating eddies into this region resulted in high eddy momentum flux exchange in the month of June. Using the TEM approach and combining the net effect of momentum and buoyancy fluxes, we showed that the eddies imparted PV flux and induced acceleration tendency on the mean flow in midJune. Using quasi-geostrophic approximation to understand the effect of eddies on the mean flow, we found that there were regions of upgradient eddy PV flux where the eddies drove the mean flow. There were also upstream regions associated with downgradient eddy PV flux where the eddies extracted energy and momentum out of the mean flow. Local winds affected both the mean flow of the SMC and its course path during the summer monsoon. The volume-integrated MKE was at least twice that of EKE, suggesting that the circulation in this region was largely wind driven. Also, the time mean maps of MKE corresponded well with the wind power. The time series of ocean kinetic energy, averaged within mixed layer depth of 40 m, revealed strong correspondence with the time series of area-integrated mean wind power, implying the dominant influence of local winds in driving the mean current. The geostrophic wind power also modulated the density surfaces, thereby influencing the APE except in mid-June. One explanation for such behavior can be the arrival of downwelling Rossby waves associated with suppressed thermocline and thereby trying to negate the effects of winds. The variation in wind power led to generation of eddies in the region through baroclinic energy conversion (from APE to EKE).
It may be noted that the analyses presented here have certain limitations. The analysis in this study were carried out for only one year. Even though this general behavior of the SMC is similar every year, there can be considerable variability from year to year. Therefore, it is useful to carry out the analyses for a longer period using simple linear models as non-linearities involved in our model may obscure some features.
where u g represents geostrophic velocities, the overbar denotes the 120-day, low-pass-filtered background state and the primed quantities represent high-pass-filtered eddies. u ag , w ag are the ageostrophic components, b represents the buoyancy and G, X are forcing terms. Thus, the effect of eddies on background state appears in two equations (Eqs. 9 and 11) represented by the convergence of eddy momentum fluxes, −∇ · u u and buoyancy flux, −∇ · u b .
Apart from having an acceleration tendency on background flow, the momentum flux can also drive the horizontal mean ageostrophic flow. Also, the buoyancy fluxes can drive the mean flow implying the dynamical coupling between density and momentum equations. It is not thus possible to view how the density fluxes may accelerate or decelerate the background flow. Transformed Eulerian mean (TEM) approach helps us to get rid of this problem as a result of which only the eddy forcing appears in the horizontal momentum equations. The TEM equations can be written as ∂u g ∂t +u g ·∇u g +f 0 k× u ag +βyk×u g − ∇p ag
where EF = eddy forcing. The tilde over the ageostrophic circulation terms represents the residual mean circulation. In many cases, the mean ageostrophic circulation can negate the impact of eddies. The residual mean circulation represents the net effect of the two quantities. Eddy components are given by the eddy bolus velocities,
